Introduction
============

Activating transcription factor 3 (ATF3) is a member of the ATF/cyclic adenosine 5′-monophosphate response element binding protein (CREB) subfamily. A role for the ATF/CREB family in controlling the progression of hepatocellular carcinoma (HCC) has been suggested ([@b1-mmr-19-02-0869]). ATF3 is an early stress response gene that is rapidly induced in cells following exposure to a wide range of stress stimuli ([@b2-mmr-19-02-0869]). ATF3 may be rapidly induced in cells by a wide range of stress signals and may be activated by several important signal transduction pathways, including the mitogen activated protein kinase (MAPK) ([@b3-mmr-19-02-0869]), c-myc avian myelocytomatosis viral oncogene ([@b4-mmr-19-02-0869]), tumour protein p53 (p53) ([@b5-mmr-19-02-0869]), and transforming growth factor-β TGF-β/Mothers against decapentaplegic ([@b6-mmr-19-02-0869]) pathways, which are involved in cell proliferation, differentiation, transformation and apoptosis ([@b7-mmr-19-02-0869]). The activation of ATF3 has been demonstrated to be a negative or positive regulator of these processes. Its precise effects remain controversial due to differences in the tumour types and cell lines examined. ATF3 has been indicated to promote ([@b8-mmr-19-02-0869]) and inhibit ([@b9-mmr-19-02-0869]) cellular proliferation and metastasis. In addition, it also has been suggested to exhibit pro- and anti-apoptotic effects, and to regulate cell cycle progression. To improve the understanding of how ATF3 acts in human HCC, the expression of ATF3 was evaluated in clinical samples of human HCC using quantitative polymerase chain reaction (qPCR), immunohistochemical (IHC) staining and a western blot analysis, and its expression was associated with the clinicopathological parameters of human HCC tissues in our previous study ([@b10-mmr-19-02-0869]). It was identified that the expression of ATF3 was low in HCC tissues, and the protein level was decreased in patients with capsule invasion compared with those without. Therefore, it was inferred, based on the low expression of ATF3, that it may function as a tumour suppressor during human hepatocellular oncogenesis.

To improve the understanding of the cytological mechanisms by which ATF3 functions during the process of liver cancer formation, HepG2 cells were infected by an LV-ATF3-enhanced green fluorescent protein (EGFP) overexpression vector. Then, the biological behaviour of the cells with and without ATF3 overexpression was compared. The behaviours examined included cell proliferation, migration, apoptosis rate and cell cycle progression. The data from the present study may assist to clarify the association between ATF3 and human liver cancer.

Materials and methods
=====================

### Cell culture

HepG2 cells were purchased from the Cellbank of Shanghai Institutes for Life Science, Chinese Academy of Sciences (Shanghai, China) and were maintained at 37°C in an atmosphere of 5% CO~2~. Cell culture reagents were purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA) unless otherwise indicated. The cells were grown in complete culture medium (high-glucose) consisting of Dulbecco\'s modified Eagle\'s medium (DMEM), supplemented with 10% heat-inactivated foetal bovine serum (FBS) and 1% penicillin/streptomycin.

### Construction of lentiviral ATF3 overexpression vectors and cell transfection

Based on the ATF3 gene sequence in GenBank (NM_001674; <http://www.ncbi.nlm.nih.gov/nuccore>), primers that specifically matched ATF3 mRNA were designed (forward, GAGGATCCCCGGGTACCGGTC GCCACCATGATGCTTCAACACCCAGG; reverse, TCCTT GTAGTCCATACCGCTCTGCAATGTTCCTTCT; 587 bp). The lentiviral vector GV287-EGFP (Shanghai GeneChem Co., Ltd., Shanghai, China) was used to construct the ATF3 mRNA-expressing vector. The non-transfected group and mock vehicle group transfected with an empty vector without ATF3 mRNA were used as the negative control (NC). The GV287-EGFP vector was linearized by digestion with the restriction endonucleases *Age*I and *Bam*HI, and the inserted sequences were ligated with an In-Fusion PCR Cloning kit (Clontech Laboratories, Inc., Mountainview, CA, USA) to produce the human ATF3 mRNA vectors (LV-ATF3-EGFP and LV-NC-EGFP). DNA sequencing was used to verify all inserted sequences. Using Lipofectamine^®^ 2000 (Invitrogen: Thermo Fisher Scientific, Inc.), 293T cells (Cellbank of Shanghai Institutes for Life Science, Chinese Academy of Sciences) were co-transfected with 20 µg ATF3 mRNA vectors and the 15 µg pHelper1.0 and 10 µg pHelper2.0 plasmids (Addgene, Inc., Cambridge, MA, USA) for 48 h to generate lentiviruses. The viral titres were determined, and the lentiviral particles 2×10^9^ TU/ml were used to infect HepG2 2×10^5^ cells at 37°C for 72 h. Successfully transfected cells, which expressed EGFP, were selected and grown in cell culture for subsequent investigation.

### Western blotting

HepG2 cells were lysed in ice-cold lysis buffer \[150 mM NaCl, 100 mM Tris (pH 8.0), 1% Tween-20, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin, 10 µg/ml trypsin, and 10 µg/ml leupeptin\]. The lysate was left on ice for 20 min and then centrifuged at 4°C, 1,200 × g for 10 min. The clarified supernatant was collected, and the protein concentration was measured by using a Biotek protein assay kit (Elx800; BioTek Instruments, Winooski, VT, USA). Protein lysate (60 µg per well), was separated by 12% SDS-PAGE and transferred to polyvinylidene difluoride membranes. Membranes were incubated with 5% non-fat milk for 1 h at room temperature and then with mouse monoclonal anti-human ATF3 antibody (1:100 dilution, ab58668; Abcam, Cambridge, MA, USA) at 4°C overnight. The membranes were washed and stained with a horseradish-peroxidase-conjugated secondary antibody (at 1:1,000 dilution, A0216, Beyotime Institute of Biotechnology, Shanghai, China). Proteins were visualized using Enhanced Chemiluminescence Plus system (Beyotime Institute of Biotechnology) and exposed to autoradiography film (Kodak, Rochester, NY, USA). Blots with mouse monoclonal β-Actin antibody (at 1:1,000 dilution, AA128; Beyotime Institute of Biotechnology) were similarly generated to ensure that equal amounts of protein were loaded in the wells.

### Cell proliferation

HepG2 cells were divided into three groups: An overexpression group (OE); a mock vehicle-transfected negative control group (NC); and a non-transfection group (control).

Cell proliferation was measured using an MTT colorimetric assay from Beijing Dingguo Changsheng Biotechnology Co. Ltd. (Beijing, China). All the cells were seeded in 96-well plates and cultured with complete culture medium. Cell proliferation was measured on days 1--5 at 490 nm in an ELIASA plate reader (Elx800; BioTek Instruments) following the addition of dimethyl sulfoxide to each well. The cell proliferation rate was calculated relative to the optical density at 490 nm of day 1.

### Cell migration

Transwell migration assays were performed in 24-well dishes with cell culture plate inserts (Corning Incorporated, Corning, NY, USA). The upper chamber had a 3 µm pore size and was coated with a polycarbonate membrane, with 100 µl serum-free medium/well, and the plates were incubated at 37°C for 1--2 h. The lower chamber consisted of 600 µl DMEM medium supplemented with 10% FBS. Actively growing cells (1×10^5^ cells) were diluted in 100 µl serum-free medium supplemented with 0.1% bovine serum albumin (Absin Biochemical Company, Shanghai, China), added to the upper chamber and incubated at 37°C for 16 h. Following incubation, the medium from the upper chamber was removed, and the cells on the upper surface of the membrane were rinsed and removed with a cotton swab. The upper chambers were stained at 37°C for 20 min with Giesma solution (Sigma-Aldrich; MercK KGaA, Darmstadt, Germany). Images of the migrated cells were captured by an inverted fluorescence microscope (magnification, ×100, Olympus Corporation, Tokyo, Japan), and their optical densities at 570 nm were measured by ELIASA microplate reader (Elx800; Bio Tek Instruments).

### Cell apoptosis

HepG2 cells were collected following infection with the lentiviruses for 5 days; then, the cells were washed twice with cold PBS and binding buffer. The collected cells were resuspended in staining buffer and then added into Annexin V-allophycocyanin (APC) staining solution and incubated for 10--15 min at room temperature in the dark. Flow cytometric analysis was performed using a FACSCalibur instrument (BD Biosciences, Franklin Lakes, NY, USA). The results were analysed by FlowJo7.6 software (FlowJo LLC, Ashland, OR, USA).

### Cell cycle progress

HepG2 cells (third to fourth generation) were collected following infection with the lentivirus; then, the collected cells were washed and resuspended with cold PBS. Subsequent to fixation with 70% ethyl alcohol at 4°C overnight, the cell suspension was added into 50 µg/ml propidium iodide staining solution and incubated for 30 min at 37°C in the dark. Flow cytometric analysis was performed using a FACSCalibur instrument, and the results were analysed using FlowJo7.6 software (FlowJo LLC).

### Statistical analysis

The statistical package SPSS 19.0 was used to perform the statistical analyses. P\<0.05 was considered to indicate a statistically significant difference.

The optical density (OD) 490 value, OD570/OD490 value, apoptotic rate and cell percentages were representative of the MTT, Transwell, apoptosis and cell cycle results, respectively. All results presented as mean ± standard deviation. Tumour-associated variables in the Transwell and apoptosis results were examined using a one-way analysis of variance (ANOVA) to compare the differences among groups, and followed by a Least Significant Difference test between groups. For the variables associated with the MTT and cell cycle assays, statistical significance was determined according to an ANOVA with a randomized block design, followed by a Least Significant Difference test.

Results
=======

To investigate the functional significance of ATF3 expression in HepG2 cells, HepG2 cells were transfected with lentiviral vectors expressing ATF3 mRNA. The mRNA expression was associated with increased ATF3 protein expression, as demonstrated in [Fig. 1](#f1-mmr-19-02-0869){ref-type="fig"}. The MTT assay indicated that the overexpression of ATF3 resulted in HepG2 growth inhibition ([Fig. 2](#f2-mmr-19-02-0869){ref-type="fig"}). However, there were no marked differences in the cell migration detected by the Transwell assay, as presented in [Fig. 3](#f3-mmr-19-02-0869){ref-type="fig"}. [Figs. 4](#f4-mmr-19-02-0869){ref-type="fig"} and [5](#f5-mmr-19-02-0869){ref-type="fig"} indicated that the rate of HepG2 apoptosis was accelerated and that the cells underwent cycle arrest following ATF3 overexpression, respectively, as determined by flow cytometric analyses.

### ATF3 is successfully overexpressed in HepG2 cells

To examine the biological activity of ATF3, ATF3 was cloned into the lentiviral vector GV287-EGFP. Stable pools of HepG2 cells containing full-length ATF3 were generated. The overexpression of ATF3 was confirmed in these cells by fluorescence microscope and western blot analysis. Relative to the NC and control groups, the OE group exhibited a marked increase in ATF3 protein expression ([Fig. 1](#f1-mmr-19-02-0869){ref-type="fig"}).

### Overexpression of ATF3 inhibits the growth of HepG2 cells

The optical density at 490 nm on the first day was considered the reference coefficient. The percent viability was calculated relative to this value as the fold-change (OD490/fold) from the second day to the fifth day. The MTT-OD490 values were representative of cell growth activity. The results indicated that the value in the OE group was significantly decreased compared with that in the NC and control groups beginning from the third day following lentiviral vector infection (P\<0.05), whereas no significant differences between the NC and control groups were observed (P=0.637; [Fig. 2](#f2-mmr-19-02-0869){ref-type="fig"}). These data indicated that the overexpression of ATF3 may inhibit the growth of HepG2 cells.

### Overexpression of ATF3 does not affect the migration of HepG2 cells

To examine the effect of cell proliferation on the number of cells that migrated across the Transwell membrane, the optical density at 570 nm was calculated relative to the corresponding MTT-OD490 values. The OD570/OD490 values were representative of the numbers of cells that migrated through the chamber membrane. The results indicated no significant differences in the number of cells that migrated in the OE, NC and control groups, and there were no significant differences between the various groups (P\>0.05; [Fig. 3](#f3-mmr-19-02-0869){ref-type="fig"}). These data indicated that the overexpression of ATF3 had no significant effects on the *migration* of HepG2 cells.

### Overexpression of ATF3 increases the apoptotic activity in HepG2 cells

The APC fluorescence intensity was examined by flow cytometry in the FL4 channel, and the fluorescence intensity of EGFP, which was used as a reporter gene, was measured in the FL1 channel. The percentage of apoptotic cells, which was representative of the cell apoptotic rate, was calculated by comparing these 2 fluorescence intensities. The results demonstrated that the apoptotic rate in the OE group was significantly increased compared with that in the NC and control groups (P\<0.05), whereas there was no significant difference between the NC and control groups (P=0.058; [Fig. 4](#f4-mmr-19-02-0869){ref-type="fig"}). These data suggest that the overexpression of ATF3 may increase the apoptosis of HepG2 cells.

### Overexpression of ATF3 decreases cell cycle progression in HepG2 cells

The numbers of cells in each phase of the cell cycle were detected by flow cytometry using a FACSCalibur instrument. The cell proportions in various phases of the cell cycle were calculated to demonstrate the specific cell growth states. The results indicated that the proportion of cells in the G0/G1 phase in the OE group was significantly increased compared with that in the NC and control groups (P\<0.05), whereas the proportions of cells in the S and G2/M phases were not significantly different compared with the other groups (P\>0.05). There was no significant difference between the NC and control groups in any of the phases of the cell cycle (P=0.183). The sum of the S and G2/M cell proportions was representative of cell proliferation. The results were the same as those of the MTT assay, which suggested that the sum of the S and G2/M cell proportions in the OE group was significantly decreased compared with that in the NC and control groups (P\<0.05), whereas there was no significant difference between the NC and control groups (P=0.167; [Fig. 5](#f5-mmr-19-02-0869){ref-type="fig"}). These data indicated that the overexpression of ATF3 inhibited cell proliferation by inducing cell cycle arrest at the G0/G1 phase.

Discussion
==========

Lentiviral vectors are now the most commonly used tool in genetic intervention experiments. GV287, pHelper1.0 and pHelper2.0 plasmids were used as an integrated overexpression system for the target gene ATF3 in the present study. HepG2 cells were successfully infected with the recombinant plasmid generated in the Institute of Oncology, with a marked green fluorescent signal and a high level of ATF3 protein expression.

Following the overexpression of ATF3 in HepG2 cells, proliferation was markedly inhibited from the third day, as indicated by the MTT assay. From the third day until the fifth day following infection, the proliferation of the HepG2 cells in the OE group was significantly decreased compared with that in the NC and control groups. Similar to the results of the MTT assay, the sum of the cells in the S and G2/M phases of the cell cycle in the OE group was also markedly decreased compared with that in the other groups, as detected by flow cytometry. In addition, the proportion of cells in the G0/G1 phase in the OE group was significantly increased compared with that in the NC and control groups. These consistent results demonstrated that cell cycle progression in HepG2 cells may be blocked in the mitosis stage by the overexpression of the ATF3 protein. Ultimately, cell viability was decreased in the tumour cells with high ATF3 levels.

Additionally, following the overexpression of ATF3 in HepG2 cells, the apoptotic rate in the OE group was markedly increased compared with that in the NC and control groups, as detected by flow cytometry. The rates of tumour cell apoptosis were accelerated by the high level of ATF3 protein. However, HepG2 migration was not markedly different among the three groups as a whole, as indicated by the Transwell assay. Nevertheless, the OD570/OD490 value, which represents cell mobility, was decreased in the OE group compared with the NC and control groups. Therefore, there was a tendency for the HepG2 cells with ATF3 overexpression to exhibit decreased cell migration. These results were consistent with our previous study ([@b10-mmr-19-02-0869]), which demonstrated that capsule invasion was weaker in liver cancer tissues with a high level of ATF3 protein.

Combined with the data from our previous study ([@b10-mmr-19-02-0869]), our results indicate that the ATF3 level is low in human HCC tissues, and there was a decreased protein level in patients with capsule invasion. All these results indicate that ATF3 may serve a role as a tumour suppressor during human hepatocellular oncogenesis.

The present study provides mechanistic insights into this phenomenon of ATF3 as a tumour suppressor. The changes in the biological behaviour of HepG2 cells with and without ATF3 overexpression were explored, and it was observed that the cells overexpressing ATF3 exhibited slower viability, accelerated apoptosis and cell cycle arrest. These data provide insight into how ATF3 affects liver cancer cells.

According to previous studies, ATF3 is primarily activated by 2 important signal transduction pathways, c-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) and P38/MAPK ([@b11-mmr-19-02-0869]). Certain studies have identified that persistent activation of the JNK/SAPK signalling pathway is closely associated with cell apoptosis ([@b12-mmr-19-02-0869]), and the P38/MAPK pathway is crucial for promoting apoptosis ([@b13-mmr-19-02-0869]). ATF3 suppresses oncogenic networks, induces cell death and inhibits malignant dissemination in a number of cancer types ([@b14-mmr-19-02-0869]), including glioblastoma and colon, prostate, bladder and lung cancer ([@b9-mmr-19-02-0869],[@b15-mmr-19-02-0869]--[@b18-mmr-19-02-0869]). In a study by Wang *et al* ([@b19-mmr-19-02-0869]), the expression of the NOXA gene, which is a key mediator of apoptosis, may be enhanced by ATF3. All these data indicate that ATF3 expression and tumour cell death are closely associated. Certain studies hypothesize that this association is likely to be context-dependent ([@b20-mmr-19-02-0869],[@b21-mmr-19-02-0869]).

In addition, several studies have revealed that ATF3 may induce cell cycle arrest to decrease tumour formation. A study by Feng *et al* ([@b22-mmr-19-02-0869]) explored whether ATF3 may regulate lung small cancer cells proliferation through regulation of the cyclin D1-associated pathway. In an additional study, the ATF3 protein was demonstrated to slow cell progression from the G1 to S phase, and to moderately suppress cell growth ([@b23-mmr-19-02-0869]). A study by James *et al* ([@b24-mmr-19-02-0869]) demonstrated decreased cyclin-dependent kinase activity and hypophosphorylation of pocket proteins in response to ATF3 upregulation in mature chondrocytes, which would have resulted in cell cycle exit and increased activity of runt-related transcription factor 2, thereby terminating chondrocyte differentiation. Additionally, there is certain evidence indicating that ATF3 may suppress cell migration and invasion ([@b9-mmr-19-02-0869],[@b25-mmr-19-02-0869]). These results agree with the data from the present study. At present, our studies on HepG2 cells have verified certain basic results regarding the association between ATF3 and tumour formation and have illustrated that a high level of ATF3 may inhibit liver cancer development.

However, ATF3 is unlikely to be solely responsible for the development of liver cancer. The context-dependent role that ATF3 serves in tumours is due to the intricate networks formed with other genes and proteins. Future studies will focus on the protein-protein interactions of ATF3 to investigate how ATF3 and its critical partners function in liver cancer oncogenesis. Whether an intervention targeting ATF3 may be used as a novel strategy for liver cancer prevention and treatment is an interesting question and remains to be resolved.
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![Overexpression of ATF3 in HepG2 cells is determined by fluorescence microscope and western blot. A total of \>90% cells with the green fluorescence were identified in the (A) OE and (B) NC groups. (C) No signal was measured in the control group, as determined by fluorescence microscope. Magnification, ×100. (D) ATF3 protein level in HepG2 cells was determined by western blot. It showed an increase in OE group compared with the NC and control groups was observed visually. ATF3, activating transcription factor 3; OE, overexpression; NC, negative control.](MMR-19-02-0869-g00){#f1-mmr-19-02-0869}

![HepG2 proliferation ability following the overexpression of ATF3 is detected by MTT assay. (A) Growth curves of HepG2 cells in OE, NC and control groups. (B) Composite histograms of OD490/fold values in OE, NC and control groups. The OD490/fold value in OE group was significantly decreased compared with the NC and control groups from the third day following infection, while there was no significance between the NC and control groups (P=0.637). \*P\<0.05 vs. control and NC groups. Data are presented as the mean ± standard deviation. ATF3, activating transcription factor 3; OE, overexpression; NC, negative control; Con, control.](MMR-19-02-0869-g01){#f2-mmr-19-02-0869}

![HepG2 transfer ability following overexpression of ATF3 is detected by Transwell assay. (A-C) Microscope images of Giesma-stained HepG2 transfer cells in (A) OE, (B) NC and (C) control groups. Magnification, ×100. (D) Histograms of OD570/OD490 values in OE, NC and control groups. Data are presented as the mean ± standard deviation. The transfer difference at the OE, NC and control groups was not marked, meanwhile no significance between groups was observed (P\>0.05). ATF3, activating transcription factor 3; OE, overexpression; NC, negative control; Con, control; OD, optical density.](MMR-19-02-0869-g02){#f3-mmr-19-02-0869}

![HepG2 apoptotic rate following the overexpression of ATF3 was detected by Annexin V-allophycocyanin flow cytometry. (A-C) Peak pattern diagrams of the (A) OE, (B) NC and (C) control groups. The percentage of cells in the 'M1' region is representative of the apoptotic rate. The value in OE group was increased compared with the NC and control groups. (D) Peak pattern histograms of apoptotic rate in OE, NC and control groups. The HepG2 apoptotic rate in the OE group was significantly increased compared with the NC and control groups (\*P\<0.05), while no significance between the NC and control groups was observed (P=0.058). Data are presented as the mean ± standard deviation. ATF3, activating transcription factor 3; OE, overexpression; NC, negative control; Con, control.](MMR-19-02-0869-g03){#f4-mmr-19-02-0869}

![HepG2 cell cycle progression following overexpression of ATF3 was detected by propidium iodide staining. (A-C) Flow cytometry cycle diagram of (A) OE, (B) NC and (C) Con groups. DipG1 was representative of the proportion of cells in the G0/G1 phase; DipG2 was representative of the proportion of cells in the G2/M phase; and DipS was representative of the proportion of cells in the S phase. (D) Composite histograms of the cell proportion in G0/G1, S and G2/M phases among the OE, NC and Control groups. Data are presented as the mean ± standard deviation. The G0/G1 proportion in OE group was significantly increased compared with the NC and control groups, while the S and G2/M proportion were not significance compared with other groups. \*P\<0.05 vs. NC and control groups. (E) Histograms of the S+G2/M phase cell proportions in the OE, NC and control groups. Data are presented as the mean ± standard deviation. The proportion sum in OE group was significantly decreased compared with the NC and control groups, while no significance between the NC and control groups was observed. \*P\<0.05 vs. NC and control groups. ATF3, activating transcription factor 3; OE, overexpression; NC, negative control; Con, control.](MMR-19-02-0869-g04){#f5-mmr-19-02-0869}
